The effects of the bonding mechanism and band alignment in a ferroelectric (FE) BaTiO 3 /ferromagnetic La 0.6 Sr 0.4 MnO 3 heterostructure are studied using x-ray photoelectron spectroscopy and first-principles calculations. The band lineup at the interface is determined by a combination of band bending and polarization-induced modification of core-hole screening. A Schottky barrier height for electrons of 1.22 ± 0.17 eV is obtained in the case of downwards FE polarization of the top layer. The symmetry of the bonding states is emphasized by integrating the local density of states ±0.2 eV around the Fermi level, and strong dependence on the FE polarization is found: upwards, polarization stabilizes Ti t 2g (xy) orbitals, while downwards, polarization favors Ti t 2g (yz) symmetry. It is predicted that the abrupt (La,Sr)|TiO 2 interface is magnetoelectrically active, leading to a A-type antiferromagnetic coupling of the first TiO 2 interface layer with the underlying manganite layer through a superexchange mechanism.
Influence of hole depletion and depolarizing field on the BaTiO3/La0.6Sr0.4MnO3 interface electronic structure revealed by photoelectron spectroscopy and first-principles calculations The effects of the bonding mechanism and band alignment in a ferroelectric (FE) BaTiO 3 /ferromagnetic La 0.6 Sr 0.4 MnO 3 heterostructure are studied using x-ray photoelectron spectroscopy and first-principles calculations. The band lineup at the interface is determined by a combination of band bending and polarization-induced modification of core-hole screening. A Schottky barrier height for electrons of 1.22 ± 0.17 eV is obtained in the case of downwards FE polarization of the top layer. The symmetry of the bonding states is emphasized by integrating the local density of states ±0.2 eV around the Fermi level, and strong dependence on the FE polarization is found: upwards, polarization stabilizes Ti t 2g (xy) orbitals, while downwards, polarization favors Ti t 2g (yz) symmetry. It is predicted that the abrupt (La,Sr)|TiO 2 interface is magnetoelectrically active, leading to a A-type antiferromagnetic coupling of the first TiO 2 interface layer with the underlying manganite layer through a superexchange mechanism. 
I. INTRODUCTION
The electronic origin of the magnetoelectric coupling at a ferroelectric/ferromagnetic (FE/FM) interface where the bottom FM electrode is a hole-doped manganite (Ca, Sr), LaMnO 3 , has been recently addressed in a number of papers [1] [2] [3] [4] [5] [6] [7] [8] [9] . It is relatively well understood that screening charges are pulled towards the interface from the FM layer, leading to hole depletion when the FE polarization points towards the interface and hole accumulation when FE polarization points away from the interface. This, in turn, can be reflected in the modulation of the electroresistance depending on the FE polarization direction [1] , opening the way, for example, for resistive readout in random access memories based on FE/FM tunnel junctions.
If one takes into account the electron spin, functionality can be extended to four-state memories and to controlled, spin-dependent current injection into an insulating layer sandwiched between the ferromagnet electrodes. Therefore, combining ferroelectricity with additional degrees of freedom offers opportunities for developing interesting applications in, for example, spin-dependent transport [9] [10] [11] [12] or devices where magnetocrystalline anisotropy is controlled by electric fields [13] .
A prerequisite for the efficient functioning of such devices is detailed knowledge of the mechanisms that determine the electronic behavior of the electrode/FE interface and the nature of the coupling of the spin and ferroelectricity.
Hole-doped FM La 1−x Sr x MnO 3 (LSMO) exhibits a very rich phase diagram depending on the hole doping level x, including metal-insulator transition and the colossal magnetoresistance (CMR) effect accompanied by transition from the A-type antiferromagnetic (x ∼ 0.5) [14] to FM states [15, 16] . For the case of a FM buried under a FE, when the FE polarization of the top layer is out of plane, it was also shown that depletion or accumulation of holes which is induced at the FE/FM interface leads to changes in the orbital order [17] , * ahusanu@infim.ro suggesting strong interplay between the spin, charge, lattice, and orbital degrees of freedom in FE/FM heterostructures.
When dealing with very thin interfaces of only a few lattice constants, transport measurements become difficult, if not impossible, because of high leakage currents. In photoemission experiments this shortcoming is not encountered, allowing for direct inspection of the interface electronic structure. However, when dealing with FE surfaces or interfaces, subtle binding energy shifts may arise from the screening of the polarization charges by the photogenerated carriers.
For example, in a recent study performed with synchrotron soft x rays aiming to reveal interface effects in a metal/FE heterojunction [LSMO/PbZr x Ti 1−x O 3 (PZT)], Wu et al. [18] reported a rapid variation in time of the binding energy at the bottom interface, obeying a typical rate equation for diffusion. Standard laboratory x-ray sources, on the other hand, deliver much lower flux than synchrotron beam lines; thus, direct access at the interface states is possible.
The depolarization field in the FE, which tends to restore the local neutrality of the system, may be fully or partially screened by the metallic electrodes. This leads in turn to subtle variations of the internal field which influence the position of the x-ray photoelectron spectroscopy (XPS) peaks of the BaTiO 3 (BTO) and induce peculiar variations of photoemission features [19] [20] [21] [22] [23] [24] .
In this context, our paper presents experimental results on interface doping, Schottky barrier height, and carrier accumulation/depletion obtained by soft x-ray photoemission and compares them with first-principles calculations for the buried interface of LSMO (x = 0.4) under a thin ferroelectric top layer -BTO.
The structure of this paper is as follows: Sec. II presents the sample preparation and experimental details; Sec. III deals with the details of the ab initio calculations. The experimental results will be presented in Sec. IV A for structure and morphology, in Sec. IV B for XPS data, and in Secs. IV C and IV D for Schottky barrier height and interface charge anisotropy, followed by the computational data obtained with first-principles calculations in Sec. V.
II. EXPERIMENT
Two samples were prepared: a single-crystal 30-nm-thick La 1−x Sr x MnO 3 film, x = 0.4, grown by pulsed laser deposition (PLD) on SrTiO 3 (100) (STO) and ∼5-nm-thick BaTiO 3 on top of the same LSMO/STO structure. The PLD setup (Surface GmbH) uses KrF radiation (248-nm wavelength). Samples were prepared by using pulses of 0.7-J energy with a duration of 20 ns. The repetition rate was 5 Hz, and the laser fluence was 2-3 J/cm 2 . During the LSMO growth, the substrate was heated to 800
• C, and the partial O 2 pressure was 0.2 mbar. The samples were introduced afterwards in the XPS chamber. Using the same conditions, a 5-nm-thick BTO film was deposited on the LSMO films at 700
• C in flowing O 2 , and the growth was monitored by reflection high-energy electron diffraction (RHEED), which confirmed the layer-by-layer growth. In this manner single-crystal thin-film heterostructures with abrupt interfaces are achieved [24] .
Photoelectron spectroscopy measurements were conducted in a dedicated chamber equipped with a monochromatized x-ray source XM 1000 MkII (Al K α : hν = 1486.7 eV) and a SPHERA II analyzer, both from Omicron Nanotechnology GmbH. A pass energy of 40 eV was used, along with a step of 0.1 eV. The pressure was kept below 7.2 × 10 −10 mbar, and the energies were calibrated to the C 1s spectrum. The core-level spectra were fitted with Voigt lines, associated integrals of the Voigt profile [25] , and different background lines associated with the inelastic scattering of photoelectrons. This permits simulating a multicomponent spectrum using different background terms for each component in order, for example, to assess the location of the emitter with respect to the surface, instead of employing a single Shirley background for the entire spectrum [26] .
The relative position of the light source and the analyzer are fixed; the emission angle is controlled by rotating the samples. XPS spectra were recorded for two orientations of the electron detector with respect to the sample in order to vary the depth sensitivity: normal to the surface and at 60
• . The crystallinity was investigated by x-ray diffraction (XRD) and low-energy electron diffraction (LEED).
Before XPS analysis, both samples were annealed at 250-300
• C in UHV for 2 h in order to remove as much of the residual contamination of the surface as possible.
III. COMPUTATIONAL DETAILS
Calculations have been performed within the density functional theory (DFT) framework as implemented in the QUANTUM ESPRESSO code [27] . The code treats the atoms with ultrasoft pseudopotentials [28] and considers explicitly valence and semicore electrons, using plane waves to expand the multielectronic wave function. The exchange and correlation contributions to the total Hamiltonian are treated within the generalized gradient approximation in the formulation of Perdew and Wang plus on-site Coulomb interaction (GGA+U , PW91) [29] half-metallic character of the LSMO [24, 30] , while in the case of Ti atoms, U Ti = 8 eV was used, which, on the one hand, reduces the overlap of the 3d orbitals and, on the other, solves the problem associated with the underestimation of the BTO band gap. The band gap of bulk BTO for U Ti = 0 eV was 0.84 eV, whereas using U Ti = 8 eV, it became 2.14 eV, closer to the experimental value of 3.2 eV [31] . This is important for the valence-band alignment and in calculating the Schottky barrier height; otherwise, results could be misinterpreted due to unrealistic charge-transfer effects between the metallic contact and the insulator [32] .
The BTO bulk polarization, P = 26 μC/cm 2 , was calculated using Berry's phase method [33] for the two configurations minimizing the total energy, denoted P + and P − . The former case implies a positive relative displacement of the central Ti atom with respect to the adjacent oxygen atoms along the [001] direction and negative displacement in the latter case. Assuming epitaxial growth, confirmed by XRD, the heterostructure was modeled in 1 × 1 slab geometry as periodically repeated supercells starting from the relaxed structure of the LSMO unit cell but imposing the calculated in-plane lattice constant a = 3.903Å of SrTiO 3 . It contains a central 8-unit-cell (u.c.) BTO slab in contact with a 5-u.c. LSMO electrode at either end. In this manner, an electron reservoir is ensured at both ends of the ferroelectric in order to correctly compensate the polarization charges from the FE slab. Then, the coordinates were allowed to relax along the z axis only until the Hellmann-Feynman forces on each atom were less than 30 meV/Å. La-Sr substitutional doping was treated by means of a virtual crystal approximation (VCA) replacing each A site of the perovskite with a fictitious atom with fractional valence, instead of explicit doping, which would require a significant computational burden due to larger supercells. Calculations were performed using a 30 Ry cutoff for the plane-wave expansion and 400 Ry for the chargedensity integration. A 5 × 5 × 1 k-point mesh was used for relaxation of coordinates in the supercell in the z direction, and a denser 10 × 10 × 1 grid was used for calculating the density of states and charge distribution in the interface regions.
Supercells were separated by 20Å of vacuum in order to prevent the interaction between periodically repeated slabs ( Fig. 1 ). This geometry allows us to obtain in a single calculation the relevant electronic quantities of both electrode/P + and electrode/P − interfaces for the out-of-plane direction of the ferroelectric polarization. It also avoids the well-known issue of how to realistically screen free ferroelectric surfaces in finite supercells [34] . Of course, this approach does not offer information on the relaxation mechanisms, rumpling, or other surface effects, but within this paper we are mostly concerned with the interface properties, and our treatment gives insight into the LSMO/BTO interface region [6, 7, 30] .
IV. EXPERIMENTAL RESULTS

A. Structure and morphology
Figure 2(a) presents the x-ray diffraction pattern of the BTO/LSMO/STO heterostructure. The LSMO layers present a rhombohedral structure with in-plane parameter a = 5.5212Å and out-of-plane parameter c = 13.3797Å and hence a c/a = 2.4233 ratio. The LSMO film thickness determined by x-ray reflectivity is 30 nm. Atomic force microscopy (AFM) on the LSMO bottom layer confirms the presence of smooth terraces, which implies a chemically homogeneous interface between BTO layers and the substrate (LSMO) over the whole sample.
The LSMO peaks were indexed according to the rhombohedral LSMO structure (space group R-3c); the data indicate a (012) texture for LSMO and a (001) orientation for BTO. The apparition of layer fringes (Fs) around the (012) LSMO peak indicates a sharp BTO/LSMO interface. If the ratio c/a of a rhombohedral lattice in hexagonal notation is 2.45, then the angle of the primitive rhombohedral cell is 60
• , and the lattice can be described as fcc. For our LSMO the ratio is 2.42, so the lattice symmetry is close to cubic [35] . The relationship between the hexagonal lattice plane indices and the cubic ones is such that (012) hex corresponds to (002) cubic . Thus, LSMO-r with (012) texture can be described as pseudocubic LSMO with (001) texture with a lattice constant a = 3.89Å, subjected to a tensile in-plain strain, which leads to a compressive strain normal to the surface. terraces, and the inset shows the (1 × 1) LEED pattern of the LSMO surface. The AFM recorded on the BTO-covered LSMO sample [ Fig. 2(c) ] confirms the large-area smoothness of the resulting surface. The topography of the BTO surface [ Fig. 2(c) ] reveals continuous coverage of the LSMO substrate and a step height of ∼4Å between different protrusions along the lines marked in blue, suggesting a single surface termination of the BTO layer [36] .
B. X-ray photoelectron spectroscopy
As already stated, dealing with such a thin ferroelectric in transport measurements is cumbersome due to leakage currents at the interface, and extracting the relevant parameters of the heterostructure, such as conductivities or Schottky barrier heights (SBHs), is intricate work. The direct way of addressing the SBH in photoelectron spectroscopy, on the other hand, is based on inferring the band alignment at the interface from the position of the core-level peaks with respect the valence-band maximum (VBM) in the insulator and the Fermi level in the metal.
For the case of an interface where a ferroelectric is involved, the SBH contains the effects of both band bending and depolarizing field, on the one hand, and, on the other hand, the intrinsic electronic contribution of the lineup at the interface. Thus, the height of the Schottky barrier, accounting for both the effects of depolarizing field and band bending [21, 37, 38] , can be written as the sum
where V (z) stands for ferroelectric-induced effects and E v , the valence-band offset term, which has exclusively electronic origin, can be expressed as follows [18, 39, 40] :
These quantities are determined from the photoemission spectra as detailed in the following. The Sr 3d spectra recorded on the bare LSMO sample and the BTO/LSMO heterostructure are presented in Fig. 3 , and the corresponding La 3d spectra are given in Fig. 4 , recorded at normal emission and at a 60
• takeoff angle, in order to resolve the different bulk and surface/interface contributions in the total spectrum. At a 60
• takeoff angle the surface sensitivity is twice that at normal emission. The Sr 3d spectra can be satisfactorily described by two doublets. The higher binding energy (HBE) component is twice as intense with respect to the low binding energy (LBE) component at 60
• emission and is shifted by 1.5 eV. It therefore represents Sr at the surface of the LSMO, whereas the LBE component is due to Sr emission from the bulk of the film. The FWHM of Sr 3d 3/2 and Sr 3d 5/2 components is 1.1 eV, similar to that previously reported [41] [42] [43] [44] [45] . Table I presents the positions of the Sr 3d 5/2 components in both bare LSMO and the BTO/LSMO heterostructure for spectra recorded in normal emission. The bulk-related component in the Sr 3d spectrum, upon BTO growth, shifts from 132.09 to 133.59 eV ( BE = 1.50 eV), while the surface/interface component goes from 133.59 to 134.38 eV ( BE = 0.79 eV). The separation between the bulk and surface component changes from 1.5 eV in bare LSMO to 0.79 eV in the BTO/LSMO junction. As seen in Table II , upon BTO growth, the main component of the La 3d spectrum also shifts from 833.64 to 835.26 eV ( BE = 1.62 eV).
We now discuss the origin of the Sr 3d HBE component. It is unlikely to be due to Sr segregated in the form of SrO as the core-level shift between Sr 3d in the perovskite environment and in SrO is reported to be only 0.2-0.3 eV [46] . Both AFM images and the LEED pattern suggest robust smoothness and crystallinity of the surface, whereas SrO often segregates in the The HBE Sr 3d component is therefore most likely due to surface Sr in the LSMO. In order to assess quantitatively the localization of the XPS surface contribution, an analysis based on the inelastic mean free path (IMFP) has been performed for both BTO and LSMO surfaces. We assumed that each layer of thickness c in the heterostructure attenuates the signal from underlying layers by exp(−c/ cos θ ), with c being the lattice constant in the [001] direction and being the inelastic mean free path of the photoelectron at the corresponding kinetic energy. For Sr 3d we assumed Sr = 4.8 nm [47] . From a layer-by-layer attenuation model [48] , we derive the fraction f of the total Sr 3d spectrum due to surface Sr atoms considering a (La, Sr)O-terminated surface f = 0.328, which, compared to the experimental value f = 0.311, suggests that the LSMO surface is mainly (La,Sr)O terminated. Although La 3d and Mn 2p core electrons have comparable escape depths of 1.6-1.9 nm [47] , the La 3d cross section is more than three times that of Mn 2p; furthermore, if the MnO 2 is below the (Sr, La)O layer, then it will be more strongly attenuated. Thus, the Mn 2p emission is practically absent from the spectra recorded for buried LSMO at a 60
• takeoff angle (Fig. 5) . At the LSMO surface, the 1.5 eV higher-binding-energy component of the Sr 3d spectra may be explained by the synergy of two different mechanisms: (i) a dipolar field originating in the positively charged surface with (La, Sr)O polar termination and (ii) surface rumpling triggered by the buckling of the topmost atomic layers. The former, in principle, operates over a distance comparable to the Thomas-Fermi length, which in LSMO is ∼0.3 nm, less than the lattice constant [49] , while the latter, associated with off-centering of central Mn atoms, can propagate into the bulk over longer distances, for approximately 2-3 unit cells, generating a built-in potential similar to the ferroelectric case [50] .
The main line (blue) in La 3d spectrum (Fig. 4) can be ascribed to 3d 9 4f 0 occupation, while the satellite line can be attributed to a charge transfer 3d 9 4f 1 L (with L representing a hole in a ligand site), corresponding to bonding (cyan) and antibonding (green) satellites. The La 3d spin-orbit splitting is approximately 16.9 eV. Based on the variation of the La 3d intensities in normal emission and at 60
• , we tentatively ascribe the additional magenta component to a surface/interface atom contribution and the gray peak to a shakedown satellite [51] . The position of La 3d core levels for the LSMO and BTO/LSMO are consistent with results previously obtained by other groups [52, 53] .
From the integrated XPS intensities recorded in normal emission and the corresponding atomic sensitivity factors [54] we deduce the stoichiometry of the LSMO layer to be La 0.61 Sr 0.39 Mn 1.04 O 2.8 . This corresponds to an excess hole doping due to Sr atoms with respect to the x = 0.3 target and a mild oxygen deficiency. A simple evaluation based on the nominal charges of Sr (+2) and O (−2) indicates that the LSMO surface is slightly charge depleted, with a net positive excess charge of ∼0.3 e per unit cell with respect to the source target. It has been shown that the most favorable vacancy site is in the (La, Sr)O layer, meaning that we probably have an unaltered MnO 2 layer and oxygen-deficient (La 0.6 Sr 0.4 )O 0.8 [55] .
We have used the ratio of the Sr 3d intensity I 0 recorded on bare LSMO to that attenuated by the BTO, I = I 0 exp(−d/ Sr ), to deduce the thickness of the BTO layer d = 4.2 nm. The difference of 0.8 nm (2 unit cells) between the BTO thicknesses extracted from the XPS intensities and the value assumed from RHEED oscillations possibly comes from an underestimation of deposition time established during the growth calibration.
For the Ti 2p spectra [ Fig. 6(a) ] the main component is associated with Ti ions in a perovskite environment with a formal 4+ valence state, and the smaller component at LBE is classically attributed to reduced Ti in a 3+ valence state due to the presence of oxygen vacancies near the BTO surface [56] [57] [58] . At the interface of LSMO and strontium titanate, charge transfer from the polar (La 1−x Sr x )O surface to the interface titanate layer has been reported [59] , leading to a change in the Ti valence. The ratio between Ti 4+ atoms and the reduced Ti 3+ species is a measure of the n-type doping in the BTO layer. It was shown recently that ferroelectricity survives to charge doping up to concentrations as high as 1.3-1.9 × 10 21 e/cm 3 , corresponding to approximately 0.09-0.11 e/unit cell [60, 61] . For values higher than this threshold, the free charges quench the ferroelectricity. In our work, the ratio between Ti 3+ and Ti 4+ is about 0.1, similar to the findings • in order to separate the surface and bulk contributions.
reported in Ref. [57] ; thus, the ferroelectric state of the BTO layer is assumed to be preserved. Figure 6 (b) shows the two-component Ba 3d spectrum recorded at takeoff angles of 0
• and 60
• . The spin-orbit split component at LBE was assigned to Ba atoms in the perovskite phase, and that at HBE was assigned to surfacerelated emission, which has been assigned to undercoordinated surface Ba atoms [62, 63] .
Using a similar layer-by-layer attenuation model as in the case of bare LSMO surface and comparing the experimental surface contribution to the whole Ba 3d intensity (f = 0.233) with the BaO-terminated surface scenario (f = 0.234), we confirm that indeed BTO is BaO terminated. For the TiO 2 -terminated surface, Ti = 2.4 nm, giving an experimental fraction f = 0.28-0.29, which is not the case in our work. Thus, it is plausible that undercoordinated Ba atoms at the BTO surface are at the origin of the higher-binding-energy component in the Ba 3d spectrum. Ba 3d also shows a HBE component at the interface with an electrode [39] ; however, given the IMPF of approximately 3 nm and the BTO thickness of 4.2 nm, it is unlikely to make a significant contribution compared to the Ba 3d from the bulk of the BTO film.
C. Schottky barrier height
Now, we can calculate the Schottky barrier height using Eqs. (1) and (2).
We recall that the Ti 2p core levels in the FE layer are characterized by a 0.7 eV shift towards LBE as we depart from the interface with LSMO, in the surface-sensitive measurement (Table III) . The value of the Ti 2p shift is consistent with the variation of the valence-band maximum in the interface and surface-sensitive measurements. This variation is the consequence of the depolarization field occurring in the upper layer with the FE polarization pointing downwards due to imperfect screening of the bottom electrode V (z). This is responsible for the skewed band structure near the interface with LSMO, as seen in Fig. 7 .
In fact, it was shown previously that when ultrathin ferroelectric layers are grown on a hole-doped ferromagnet The value of V (z), the depolarization potential, is extracted from the valence-band spectra of the LSMO/BTO sample taken at normal emission and at a 60
• takeoff angle, resulting in V (z) = 0.7 eV.
The difference between Ti 2p 3/2 and Sr 3d 5/2 core levels has been extracted from the XPS measurement on the heterostructure; (E Sr − E F ) LSMO has been taken from the measurement performed on the bare LSMO sample and the last term from one previous measurement on a 250-nm-thick crystalline BTO sample, leading to E v = 1.28 eV.
The general mechanism underlying the band alignment at the interface in the presence of out-of-plane polarization pointing towards the LSMO is presented schematically in indicates the situation without the effects of hole depletion at the interface.
The experimental value for the hole barrier height obtained is p = 1.98 eV, including the effects of both interface formation and the depolarization field. If one assumes an experimental BTO band gap of 3.2 eV, this corresponds to a Schottky barrier height for electrons of 1.22 ± 0.17 eV for P − polarization.
D. Hole-depletion effects at the interface
In the case of 2-5-nm-thick BTO layers, characterized by a single FE domain state over the entire sample, the FE polarization stabilizes towards the interface. We thus expect that the XPS spectra recorded on our LSMO/BTO buried interface reflect the effect of hole depletion on the core-level binding energy. On the other hand, the effects associated with orbital polarization at the interface are not expected to be reflected in XPS measurements; additional x-ray absorption studies are required to observe them.
As can be seen from Tables I and II , there is an appreciable shift towards higher binding energy in both the Sr 3d and La 3d main bulk-related components upon BTO deposition. This suggests that a gradual upshift of the Fermi level as a result of the hole-depletion effect near the interface associated with the downwards FE polarization is involved. The shift depends on the exponentially decreasing hole-depletion state induced in the first LSMO u.c. by the FE polarization pointing towards the interface. The variation of the hole distribution within the LSMO slab is controlled by the Thomas-Fermi screening length; thus, the width of the depletion layer may be estimated to approximately 3 u.c. within the LSMO electrode, with the maximum in the first interface layer [68] . The holedepletion effect is visible in the smaller shift of the Sr 3d interface component towards higher binding energies than the bulk component. Hole depletion means electron enrichment, thus better core-hole screening and, consequently, a shift to LBE. The FM-to-AFM FE polarization-dependent magnetic order switching at the FE/LSMO interface has been addressed in Refs. [8, [68] [69] [70] [71] , and it was found to be triggered by interface hole depletion or accumulation. In this context, this is the experimental evidence of the hole-depletion state associated with FE polarization pointing towards the interface obtained in photoemission.
V. FIRST-PRINCIPLES CALCULATIONS
As a starting point, we have checked the position of the conduction-band minimum (CBM) of BTO with respect to the Fermi level of the LSMO slab for the particular case of the (La,Sr)O|TiO 2 LSMO/BTO junction.
Preliminary calculations performed with and without the Hubbard term applied on Ti atoms indicated that U Ti = 8 eV not only returns a value closer to the experimental BTO band gap but also pushes the CBM upwards enough to avoid a pathological situation with φ n,p < 0 [32] .
A. Schottky barrier height
In the Schottky-Mott limit, is given by the difference between the insulating ionization potential I P and metal work function W F . The computations for I P and W F were performed using the same functional and supercells as in the case of band structures and charge densities for both P + and P − polarizations. Following the strategy adopted by Berthod et al. [72] and by Zheng and Binggeli [30] , we evaluated I P for BTO and W F for LSMO using the following relations:
In (3) and (4), ε BTO VBM is the valence-band maximum for the BTO freestanding slab, and ε LSMO F is the Fermi level of the LSMO layer, both evaluated with respect to the average electrostatic potential in the crystal V (r) [see Fig. 8(a) ], while V BTO and V LSMO are the differences between the average electrostatic potential in vacuum and in each of the slabs. V BTO and V LSMO have been obtained from the macroscopic average across the x-y plane and should, in principle, account for FE polarization-dependent effects, in our case the off-centering of central cations and modulation of bond lengths in the interface region. With the band terms E F , the Fermi level of LSMO slab; E CBM , the conduction-band minimum; and E VBM , the valence band maximum, all expressed with respect to a reference averaged potential [72] in each crystal [30, 73] , the theoretical values obtained for the Schottky barrier height as a function of polarization are down = 1.37 eV and up = 1.03 eV. We stress the fact that the calculations were performed for a (La,Sr)O|TiO 2 junction interface, which is an important observation because previous studies have strongly stressed the importance of the atomic termination on the SBH [32] . For example, first-principles calculations performed on LSMO/SrTiO 3 heterostructures evidenced differences as high as 2.2 eV between the work functions of TiO 2 and SrO-terminated surfaces of SrTiO 3 [30] . Here, using a Hubbard parameter U = 8 eV for Ti atoms, although the value calculated for the BTO slab band gap still underestimates the experimental value, the conduction-band minimum is sufficiently pushed away from the Fermi level to avoid charge spillout into the BTO slab and give reliable results on φ n,p . Figure 8(b) illustrates the evolution of the band gap and conduction-band minimum for several values of U .
A cross-check of the above observations consists of estimating the Schottky barrier height considering the interface band offset driven by the alignment of interface O 2p bands and projecting the layer-resolved density of states on their bulk contribution. The results are displayed in Fig. 9 , which indicates that as we approach the interface, a bending of the valence states of ∼1.31 eV occurs, which is again in agreement with the results obtained using the surface-averaged electrostatic potential.
The theoretical values down = 1.37 eV calculated using the electrostatic potential method and down = 1.31 eV obtained using the aligned layer-resolved densities of states are in fair agreement with the experimental value of the SBH of 1.22 ± 0.17 eV. 
B. Charge-density and spin-dependent orbital states at the interface
In order to decide whether the interface effects in the LSMO/BTO junction are related to changes in bonding or to electrostatics due to the polarity difference on either side of the interface, the bonding charge distribution for the (La,Sr)O-TiO 2 interface has been computed as the difference between the charge density of the heterostructure and that of individual slabs for both out-of-plane polarization directions of BTO. For completeness, the bonding charge [74] has been also calculated for an artificial, tetragonal centrosymmetricparaelectric case. The results are presented in Fig. 10 . The main influence of the change in the electronic environment induced by breaking the inversion symmetry at the interface region of the heterostructure along the c axis is observed around the Ti atoms. For the case studied here of the FE polarization pointing towards the interface, the orbitals involved in the bonding between the LSMO bottom electrode and the top BTO layer have mostly t 2g (yz) symmetry. For the P + case, with the FE polarization pointing away from the interface, the bonding is realized through Ti orbitals with in-plane character −t 2g (xy). This suggests an additional contribution of the bonding mechanism to the band lineup at the heterostructure interface.
In previous studies [2, 3, 59] , using a combination of xray magnetic circular dichroism and transmission electron microscopy, it was shown that at (LaO|TiO 2 ) LaMnO 3 /SrTiO 3 and (La,Sr)O|TiO 2 LSMO/STO interfaces, the Ti atoms also acquire a finite spin polarization with antiferromagnetic ordering through a superexchange mechanism as a result of hybridization between d xz,yz Ti bonding states and Mn e g ones, mediated by apical O p z orbitals [4] . Figures 11(a) and 11(b) display the spin-resolved local density of states integrated over 0.2 eV around E F for FE polarization pointing towards and away from the interface, consistent with this scenario. The total energy difference computed from first principles for two situations [spins with antiferromagnetic (AF) and FM orientation] is 0.9 eV, with the AF ordering being the most stable. That the AF state indeed results from the coupling of Mn and Ti through the bonding oxygen atom is seen also in Fig. 11(c) , which shows the contribution of O 2p apical oxygen atoms to the total density of states in the manganite layer, at the interface, and into the titanate region. Notably, one can clearly identify the peak at −0.4 eV in the minority-spin channel, which is strongly amplified in the interface region and fades away as we depart from the interface.
In our case, with BTO replacing STO [2, 3, 59] , an additional degree of freedom associated with FE polarization comes into play. It leads to FE-induced charge-density reorganization around Ti atoms as follows: when the FE polarization of the upper layer points away from the interface, the bonding charge is confined mostly at the t 2g (xy) orbitals, while when the polarization points towards the interface, the states involved in chemical bonding are mostly Ti t 2g (yz) ones. This situation resembles that described in Ref. [17] , where at the LSMO/BTO (MnO 2 |BaO) heterojunction, the lifting of degeneracy in the Mn e g orbitals has been noted, accompanied by FE-dependent occupation of 3r 2 -z 2 (out-of-plane) or x 2 -y 2 (in-plane) states.
This makes the MnO 2 interface layer the active magnetoelectrical "device" via effects associated with variation of the Mn-O bond and thus the change in the hopping integrals t with respect to the paraelectric case [1, 8, 17, 68, 71] .
On the other hand, for the TiO 2 active interface, which has been considerably less studied, our results indicate that in the case of the (La,Sr)O|TiO 2 interface, the qualitative modifications of the bonding mechanism as a function of the polarization state of the BTO are connected with the variations in the covalent nature of Ti atoms in the Ti-O-Ti/Ti-O-Mn sequence. As might be expected, the symmetry of the electronic charge distribution is FE polarization sensitive, as seen in Fig. 10 . Our results also indicate that Ti atoms are active in magnetoelectric coupling and stabilize an A-type AF state through different occupations of t 2g (xy) or t 2g (yz) orbitals [2] [3] [4] [5] 59 ], depending on the orientation of the FE polarization in conjunction with a superexchange mechanism.
Moreover, the spin-dependent orbital polarization and AF coupling visible in Fig. 11 indicate that the electronic populations at the Fermi level are a combination of spin-up Mn e g (3z 2 − r 2 ) states and spin-down Ti t 2g (xy) ones for P + polarization and spin-up Mn e g (3z 2 − r 2 ) with a Ti t 2g (yz) contribution for the opposite FE polarization of the upper layer. The calculated spin polarization for the interface Ti atoms is −0.27μ B in the P + case and −0.78μ B for P − polarization. The orbital polarization at the interface is consistent with the mechanism described in Ref. [17] , and it strongly depends on the ratio of the in-plane and out-of-plane lattice constant c/a. In our work, for c/a = 0.985 < 1 (when the upper layer has P − polarization), the orbitals perpendicular to the interface have lower energy, and their occupation is favored (yz plane), while in the case of P + polarization, c/a = 1.024 > 1 and the in-plane orbitals are involved in the bonding mechanism (xy plane).
A similar coupling mechanism has been invoked by Yu et al. [5] , and our calculated values for the magnetic moments are close to what they measured in BiFeO 3 /La 0.7 Sr 0.3 MnO 3 heterostructures, where a significant enhancement of interface Fe magnetic moments from 0.03μ B to ∼0.6μ B has been found. Although the exact value of the spin polarization at the interface is not the central point of this work, we note that the transfer of spin-down density from xy to yz orbitals might be important in modulating the spin-dependent conductance parallel with the heterostructure interface and perpendicular to it by FE switch.
Electronic states with the same symmetry have been previously deduced [30] at the LSMO/STO interface of a non-FE system, but the calculated magnetic moment of Ti atoms at the interface was considerably smaller (0.1μ B ) than in our case, close to the experimental findings for the same system [59] . It is interesting to note that in a paraelectric case, all Ti t 2g electronic states coexist, and their degeneracy is lifted only in the case of ferroelectric distortion at the interface.
VI. CONCLUSIONS
The effects associated with the hole-doped (La 0.6 Sr 0.4 MnO 3 )/BaTiO 3 interface formation have been investigated using x-ray photoemission spectroscopy measurements and first-principles calculations. We identified two mechanisms active in the interface band lineup: one residing in the intrinsic electronic effects of the joining materials and another triggered by the ferroelectric polarization. The latter, on the one hand, skews the electronic bands in the interface region due to the depolarizing field and, on the other hand, stabilizes a hole-depletion state in the LSMO, near the contact region. In these conditions, we established that the Schottky barrier height at the (La, Sr)-O|TiO 2 interface with the FE polarization pointing towards the interface is 1.22 ± 0.17 eV.
We also reported the signature in x-ray photoelectron spectroscopy of the hole-depleted state in the LSMO electrode in contact with a ferroelectric, which is responsible for the transition from the ferromagnetic state to the antiferromagnetic state. The signature reveals itself in a distinct lower magnitude of the shifts toward lower binding energies of both Sr 3d and La 3d surface core-level components upon a thin ferroelectric layer deposition. This result has an impact on correctly identifying the magnetic phase transition in connection with the ferroelectric activity in the contact region. We examined the differences between the MnO 2 |BaO and (Sr,La)O|TiO 2 interfaces with respect to the mechanisms of orbital polarization and magnetic coupling based on first-principles calculations. Different from the MnO 2 |BaO case in which the interface magnetism is triggered by the double-exchange mechanism between Mn atoms, accompanied by different orbital occupations of e g states for FE polarization pointing towards or away from the interface, at the (La, Sr)-O|TiO 2 polar interface the degeneracy of the t 2 g orbitals is lifted depending on the FE polarization, and Ti atoms get a finite spin polarization with antiferromagnetic ordering through a doubleexchange interaction with the Mn atoms through the apical oxygen atoms. These predictions are not directly reflected in the photoemission data, and further x-ray magnetic and linear dichroism in conjunction with spin-resolved photoemission is scheduled to reveal the orbital contribution of the interface bonding mechanism and its dependence on the ferroelectric state.
